The organization of rodent exploratory behavior appears to depend on self-movement cue processing.
Introduction
Most species are able to navigate efficiently by relying on a strategy that takes advantage of available cues. In familiar visual environments, stationary objects (landmarks) dominantly influence navigation [1] . However, in unfamiliar environments or in darkness, self-movement cues are available to guide navigation [1] [2] [3] [4] [5] . Regardless of the source of sensory information, the animal's location and directional heading within the environment appears to be represented by place cells and head direction cells, respectively [6] [7] [8] [9] [10] [11] [12] . Insight into the sensory signals' influence on these representations is therefore necessary to fully understand navigation.
Numerous studies have evaluated the role of visual cues in navigation and the underlying neural representations, but only a handful of studies have tested the influence of non-visual cues. One source of non-visual cues is the vestibular system, which is necessary for place cell and head direction cell function [13] [14] [15] and contributes to navigation on various tasks [16] [17] [18] [19] . The vestibu-lar system comprises the semicircular canals which detect angular head acceleration in three planes, and the otolith organs which detect linear head acceleration and static head position relative to gravity. Disruption of semicircular canal function eliminates the directional tuning of head direction cells and often causes the animal to spin or circle within a limited area [20, 21] . The otolith organs also contribute to head direction cell function, but this contribution appears to be relatively less than that of the canals; otoconia-deficient mice have head direction cells that are directionally tuned, but this tuning degrades over time [22] . Nevertheless, the degraded head direction signal of otoconia-deficient mice is paralleled by deficits in the performance of directional navigation tasks such as the radial arm maze, food-carrying (homing) task, and Y-maze alternation [4, 23, 24] for review, see [25] . However, otoconia-deficient mice were able to accurately perceive the goal location during the probe trial on a Barnes maze, suggesting place recognition was intact [23] . The available evidence thus suggests that otolith signals contribute heavily to the directional aspect of navigation in both visual and non-visual environments, but have a lesser role in the locational aspect.
Previous studies using animals with vestibular pathology have provided important insight into the unique contributions of the semicircular canals and otolith organs to navigation in a variety of tasks. In an open-field exploration task, rats with bilateral vestibu-lar dysfunction exhibited hyperactivity across several months [26] . This hyperactivity could affect the way an animal explores the environment, which could, in turn, affect the ability to learn to solve spatial tasks. Whether or not this hyperactivity affects learning is not well understood; however, as many studies of the vestibular contribution to navigation used tasks that involved aversive stimuli -a design factor that may influence the effects of vestibular dysfunction on navigation. For example, vestibular dysfunction is thought to be anxiogenic [27] , as are aversive stimuli such as the bright overhead lights of the Barnes maze, and the food restriction used to motivate animals in the radial arm maze [28, 29] . Thus, the anxiety associated with vestibular dysfunction may be compounded with that of the task itself, preventing accurate inferences about the vestibular contribution to navigational performance.
The current study investigated the organization of exploratory behavior of control and otoconia-deficient mice, as they spontaneously explored within an open field environment. Rodents typically organize their exploratory behavior into a sequence of stops and progressions that are focused around one location in the environment, or home base [30, 31] . The location of the home base has been characterized by long dwell times, high frequency of grooming behavior, and faster progressions toward the home base relative to departing progressions [32] . Based on this work, subsequent studies have demonstrated a role for self-movement cue processing in the organization of single exploratory trips [33] . Specifically, outward segment changes in heading during stops and translations during progressions are used to estimate direction and distance on the homeward segment. Impairments in generating self-movement cues would be predicted to disrupt behavior observed during stops, progressions, and possibly the stability of the home base, however, these disruptions may depend on the extent that visual cues can be used as a compensatory source of information to guide movement. Stops, progressions, and home base stability in control and otoconia-deficient mice were used as measures of exploratory movements under dark and light conditions.
Materials and methods

Animals
Female homozygous tilted (n = 10) and heterozygous control (n = 10) mice were obtained from the breeding colony established at Indiana University-Purdue University Fort Wayne. The colony was established from an original stock of homozygous tilted mice (−/−; B6.Cg-Otop1tlt/j; Jackson Laboratories, Bar Harbor, ME) that were bred to produce −/− offspring, or crossed with the background strain (+/+; C57BL/6J; Jackson Laboratories, Bar Harbor, ME) to produce +/− offspring. The resultant +/− and −/− litters of mice were bred to produce +/− and −/− offspring with a predicted 50% frequency within subsequent litters.
At 12 weeks old, the mice were classified as +/− or −/− using a swim test that has previously been shown to reliably detect otolith dysfunction in mice [34] . Swimming behavior was assessed during this test by dropping mice from a height of 20 cm into a pool of water. Mice that immediately resurfaced and engaged in swimming behavior were classified as the heterozygous control mice. Mice that failed to resurface and tumbled underwater were immediately rescued to prevent drowning and classified as homozygous tilted mice.
Mice were between three to eight months of age during the assessment of exploratory behavior. Prior to assessing exploratory behavior under light conditions, one control mouse had to be euthanized, resulting in nine control mice. Only female mice were used in the current study. Previous analyses of exploratory behavior have primarily used female subjects [33, [35] [36] [37] . Neither sexual dimorphisms nor phase of estrous cycle has been observed to influence self-movement cue processing during food hoarding [38] ; however, further work is needed to determine if these results generalize to exploratory movement.
Apparatus
The exploration arena was a white circular wooden table (112 cm diameter and 34.5 cm high). A vertical transparent plastic tab (20 cm wide × 15 cm high) was attached to the edge of the table and extended upward, where it could serve as a tactile cue and encourage home base establishment. The position of the plastic tab remained consistent for each mouse across dark and light exploration sessions; however, the position of the tab (north, east, south, or west) varied among mice. The table was located inside a wooden chamber (122.5 cm × 122.5 cm × 191 cm high) that had the walls and ceiling painted black, limiting the use of environmental cues. During dark exploration sessions, infrared emitters were used to illuminate the room. Four 25-W incandescent lights located on the ceiling of the enclosure provided illumination during light exploration sessions. Exploratory sessions were recorded at 30 frames per second by an overhead color/infrared video camera that was connected to a personal computer. All video recordings were saved for offline analysis.
Procedure
Mice were individually transported to the testing room in an opaque container. Upon entering the testing room each mouse was placed on the center of the table by the researcher and was left to explore the arena for 40 min. At the end of the session, the mouse was transported back to the colony room. The arena was thoroughly cleaned with an alcohol solution and dried prior to running the next mouse. All mice received three dark exploratory sessions prior to three light exploratory sessions.
Data analysis
Ethovision 3.0 (Noldus, NL) was used to digitize the position of the mouse during four five-minute consecutive samples throughout the 40-min dark and light exploratory sessions. Samples were taken after the first bout of grooming behavior was observed, usually within 2-5 min into the 40-min session. This behavior was chosen because previous work has demonstrated that grooming is a marker of home base establishment [30, 35] . Therefore, samples were taken after the mice exhibited home base behaviors. Movement during each sample was divided into progressions (moment-to-moment speeds 3.0 cm/s or greater for at least two frames) and stops (moment-to-moment speeds less than 3.0 cm/s for at least two frames).
Multiple measures were used to characterize organization of exploratory behavior. First, the total distance traveled and total time spent stopping was calculated for each sample. Both of these measures provide general measures of locomotor function. Next, several measures were developed to describe behavior during progressions. Peak speed and distance traveled were calculated for all progressions and averaged for each sample. Average peak speed and distance traveled provided additional measures of general locomotor function. The path circuity of each progression was calculated by dividing the Euclidean distance by the actual traveled distance for each progression. Path circuity values range from 1.0 to 0.0 with lower values representing more circuitous paths through the environment. Previous work with rats has demonstrated that progressions are typically non-circuitous paths through the envi- ronment independent of access to visual cues [33] . These measures were averaged across all progressions within a sample.
Several measures were developed to characterize stopping behavior. First, the average stop duration was calculated for each sample. Previous work has demonstrated that reduction in stop durations contributes to the increase in hyperactivity associated with damage to the hippocampal formation [39] . Second, progressions are typically non-circuitous trajectories through an environment with most of the path's change in heading occurring during periods of relatively slow speed [33] . The change in the path heading that occurs during a stop between two progressions can be quantified by calculating the angle subtended by the following points: preceding progression peak speed location, average stop location, and subsequent progression peak speed location. As a result, each mouse will have a set of changes in headings that can be averaged for each sample. Finally, distribution of stopping behavior in the environment has been associated with home base establishment [30, [40] [41] [42] . Cartesian coordinates (x, y) associated with each stop were converted to polar coordinates (theta, r), and circular statistics [43] were used to characterize the concentration and stability of stops across samples. The duration of each stop was converted into an individual observation at a specific heading (i.e., one second was equal to one observation). First order circular statistics (parameter of concentration and average heading) were calculated for all stops from each sample from an individual mouse. The resulting parameter of concentrations from each mouse was used as a measure of stop density across samples. Second order circular statistics were applied to the average heading from each sample, with the resulting parameter of concentration used as a measure of stop stability across samples.
Repeated measures ANOVAs were used to evaluate main effects of group, sample, and group by sample interactions with alpha set at 0.05. Partial eta squared values ( 2 p ) were reported for each main effect and interaction as a measure of effect size. The GreenhouseGeisser correction was used in analyses where Mauchly's test indicated violations of the assumption of sphericity, and Fisher's Least Significant Difference (LSD) post-hoc test was used to evaluate significant main effects and interactions. T-tests were used to assess group differences on parameter of concentration calculated from average heading across the four samples. Degrees of freedom were adjusted when Levene's test indicated violations of the assumption of homogeneity of variance.
Results
Dark exploration
Mice exhibited exploratory behavior across all four five-minute samples (see (Fig. 2k) . Thus, no group differences were observed in progression peak speeds or travel distances, although both measures decreased across samples. In contrast, circuity of progressions were observed to differ between groups, with the tilted group exhibiting more circuitous progressions relative to the control group.
Stops varied in duration and functioned as transitions between progressions (see Fig. 3a-d and e-h ). Average stop duration and change in heading were examined for group differences across the four samples. (Fig. 3i) . The ANOVA conducted on average change in heading across samples revealed a significant effect of group [F(1,18) = 17.872, p < 0.01, 2 p = 0.498], with tilted mice showing a greater change in heading than control mice (Fig. 3j) . The main effect of sample was also significant decrease [F(1,18) = 18.014, p < 0.01, 2 p = 0.500] in changes in heading across samples. Both groups thus exhibited similar stop durations that remained consistent across samples. Tilted mice exhibited significantly larger change in heading after stops, relative to control mice, and both groups' change in heading decreased across samples. Under dark conditions, mice tended to cluster their stops around a specific location within a sample and a similar pattern of clustering was observed across samples (see Fig. 4a-d (control) and e-h (tilted)). These stops did not appear to be organized around the tactile cue (plastic tab), but were randomly distributed across the arena. The parameter of concentration (i.e., descriptive circular statistic) was used to quantify changes in the density of clustering for each mouse across samples [39] . The ANOVA conducted on parameter of concentration revealed a significant effect of sample (Fig. 4i) . Post hoc trend analysis revealed a significant linear increase [F(1,18) = 6.955, p < 0.05, 2 p = 0.279] across samples. Groups exhibited similar stop clustering within samples, but stop clustering density increased across samples. The directional heading of stop clusters for each mouse was then averaged across the four samples, and the parameter of concentration of this distribution was calculated to determine whether the stop clusters remained stable (occurred in the same location) across samples. Levene's test for equality of variances was significant and prompted adjusting the degrees of freedom. The t-Test conducted on the parameter of concentration revealed a significant group difference [T(10.988) = 2.475, p = 0.031, d = 1.1069], with significantly more stable clusters in the control mice, relative to the tilted mice (Fig. 4j) .
Light exploration
Mice exhibited exploratory behavior across all four fiveminute samples (see Fig. 5a -d (control) and e-h (tilted)) under light conditions. The ANOVA conducted on total distance traveled during each sample did not reveal a significant (Fig. 5j) . A post hoc trend analysis revealed a significant linear increase across samples [F(1,17) = 6.568, p < 0.05, 2 p = 0.279]. Only total stop time was observed to significantly increase across samples and groups did not differ on either measure.
Mice appear to organize their exploration under light conditions into a sequence to progressions and stops (see Fig. 6a-d (control) and e-h (tilted)). Kinematic (peak speed) and topographic (travel distance, path circuity) characteristics of progressions were exam- (Fig. 6k) . Under light conditions, tilted mice exhibited somewhat faster peak speeds than control mice during the fourth sample, although this difference did not reach statistical significance. Progression distance traveled and path circuity did not differ between groups nor among samples.
Stops varied in duration and functioned as transitions between progressions (see Fig. 7a-d (control) and e-h (tilted)). Average stop duration and change in heading were examined for group differences across the four samples. Lack of sphericity homogeneity of covariance in average stop duration resulted in the application of Greenhouse-Geisser correction ( = 0.506). The ANOVA conducted (Fig. 7j) . Under light conditions, tilted mice exhibited significantly larger change in heading during stops relative to control mice; however, both groups exhibited similar stop durations that did not vary across samples.
Similar to dark conditions, mice tended to cluster their stops around a specific location within a sample and a similar pattern of clustering was observed across samples (see Fig. 8a-d (control) and e-h (tilted)), and these stops did not appear to be organized around the tactile cue (plastic tab). The parameter of concentration (i.e., descriptive circular statistic) was used to quantify density of clustering for each mouse across samples. (Fig. 8i) . Groups thus exhibited similar stop clustering within samples, and stop clustering density did not significantly change across samples. The directional heading of stop clusters for each mouse was then (Fig. 8j) . No group differences were observed in stop clustering stability across samples under light conditions.
Discussion
The current study applied a novel analysis of exploratory behavior to investigate the contribution of otolithic organs to spatial orientation. Control and otoconia-deficient tilted mice explored a circular table under dark conditions prior to exploring the same table under light conditions. Both groups exhibited equivalent travel distances and stop times across all samples under dark and light conditions. Both groups tended to engage in similar exploratory behaviors, thus discounting locomotor or anxiety-like factors and their respective influences on exploration. Several observations provide evidence that tilted mice have deficits in processing self-movement cues. First, larger changes in heading between progressions were observed in tilted mice relative to control mice under dark and light conditions. Next, only under dark conditions were tilted mice observed to follow more circuitous progressions relative to control mice. Finally, tilted mice were observed to exhibit more variability in stop clustering across samples relative to control mice, but only under dark conditions. These results add to a growing literature for the role of the vestibular system in maintaining spatial orientation during navigation.
Otolith organs and sense of direction
Multiple lines of evidence have suggested that signals from the otolith organs contribute to one's sense of direction, although this otolithic contribution is not well understood at the present time. First, rat head direction cells were observed to lose their directional tuning as animals navigated while in an inverted position [44] , possibly because the visual cues and otolith signals associated with inversion were unfamiliar to a terrestrial species. Head direction cells also lost their directional tuning when the animal was moved from a wall to a ceiling during the 0 g phase of parabolic flight [45] . In this condition, the otolith organs would not have detected the change in head position, possibly producing a conflict between visual and vestibular cues. Additionally, relatively normal head direction cells were recorded from tilted mice, but the directional tuning became increasingly degraded across trials [22] . The fact that directional tuning was relatively normal in the initial trial suggests that otolith signals are not crucial for the directional tuning of head direction cells but, instead, contribute to the maintenance of directional tuning across changes in vertical orientation. However, it is also possible that the activity of rodent head direction cells is directly influenced by gravity, given the recent discovery of gravity-sensitive neurons in the primate anterior thalamus [46] . Further, it is important to consider the role of linear movements in path integration, given that the acceleration phase of linear movements would be detected by the otolith organs. However, it is unclear whether other self-movement cues (i.e., proprioception, motor efference copy) can compensate for the lack of otolithic detection of linear acceleration.
The effects of otolith signal manipulations on head direction cell function align very well with the deficits observed in both non-visual and visual behavioral tasks. A strain of mice with dysfunctional utricular hair cells, referred to as headbanger mice, exhibited hyperactivity but limited spatial exploration of a novel open-field environment in darkness, relative to controls [27] . This limited exploration in headbanger mice may have resulted from anxiety, given their increased frequency of behaviors characteristic of anxiety, or from spatial disorientation. The spatial disorientation interpretation is consistent with our recent demonstration that tilted mice are impaired at using path integration to guide the homeward segment of a homing task in darkness [4] . Importantly, although the greatest path integration deficit was observed in darkness, the tilted mice also showed significantly more circuitous homeward segments in light than control mice. This finding suggests that visual cues can partially compensate for the lack of otolith signals. In fact, rats with complete vestibular lesions were able to perform relatively well on the homing task in light [18] , despite the fact that vestibular lesions or inactivation completely abolishes the head direction signal [13, 14] . However, tilted mice were impaired at performing a radial arm maze discrimination task in light when only distal cues were available to guide navigation [23] . Thus, signals from the otolith organs have an important role in the directional aspect of navigation, and visual information can compensate for these deficits in some tasks. However, it is important to note that some aspects of visual function, such as the vestibulo-ocular reflex (VOR), are attenuated in mice with otolith dysfunction [47] . Whether VOR deficits contributed to tilted mice's significantly greater change in heading after a stop is not known at this time. Further, brain development may be somewhat different in tilted mice than in controls, given that their otolith dysfunction is congenital [48] . Additional research is therefore warranted to determine whether these changes contribute to deficits on navigation tasks.
The idea that otoconia-deficient tilted mice express deficits in using self-movement cues to estimate direction is consistent with the results of the present exploration task. First, the tendency for stops to occur in a limited region, referred to as stop clustering, has been associated with home base establishment [30] [31] [32] . In the absence of visual cues, impaired direction estimation would be predicted to disrupt returns to the home base and produce more variable home base locations. This was consistent with the less stable stop clustering observed in the tilted mice under dark conditions. In contrast, tilted mice were observed to increase stopcluster stability in light, suggesting they were able to use visual cues to compensate for deficits in self-movement cue based direction estimation. Next, decreases in home base stability would likely enhance deficits in processing self-movement cues. Specifically, returns to the home base function to reset the information processing related to dead reckoning [49, 50] . If the home base drifts, then the resetting process may not occur as frequently and errors in direction estimation would continue to accumulate. These errors in direction estimation would make it challenging to maintain direct trajectories while moving through an environment [51, 52] . Indeed, tilted mice showed impairments in progression path circuity under dark conditions, providing further support for a role of otolith organs in direction estimation in darkness. In light, however, these deficits in the use of self-movement information were mostly absent. The available visual cues appear to have allowed tilted mice to exhibit progressions and home base stability that were similar to those of control mice. Finally, most of the change in heading during open field behavior typically occurs during stops [33] . Although open field behavior is not typically thought of as goal directed, the organization of exploratory behavior suggests that mice are efficiently sampling the environment. Tilted mice exhibited larger changes in heading between progressions under both conditions; however, the effect size was smaller under light conditions ( 2 p = 0.270) relative to dark conditions ( 2 p = 0.498). These results thus provide further evidence that visual cues are sufficient to compensate for many of the self-movement cue deficits in direction estimation.
Advantages of exploration over goal-directed behavior
The sequential analysis of exploratory behavior described in the current study has several advantages over traditional assessments of spatial orientation. First, exploratory behavior is spontaneously generated and does not require extensive training. More protracted training procedures increase the potential of engaging compensatory strategies that may function to confound inferences from performance. For example, performance in the water maze changes across days. Under normal conditions this change in performance reflects the integration of multiple sources of information. However, failure to observe group differences in the water maze after a neural manipulation may reflect the recruitment of a different navigational strategy that is sufficient to guide performance. The acute nature of exploratory behavior limits the potential of mnemonic compensatory mechanisms to confound inferences from performance.
Further, examining exploration behavior under dark then light conditions permits the dissociation of environmental and selfmovement cue deficits. Results of the current study add to a growing literature identifying the neural systems involved in processing self-movement cues. For example, separate representations of direction and distance appear to converge on the hippocampus [49] . Accordingly, damage to the hippocampal formation [53, 54] or selective hippocampal deafferentation [55, 56] has been suggested to impair self-movement cue processing while sparing the use of environmental cues. The sequential analysis of exploratory behavior provides an alternative assessment of spatial orientation that is more acute and does not depend on food deprivation or other motivational factors.
Finally, several lines of evidence discount the role of olfactory cues in guiding movement during exploration. First, qualitatively distinct kinematic profiles are observed during self-movement versus odor guided navigation [57] . Moment-to-moment speeds are typically faster and exhibit a leptokurtic profile when guided by self-movement cues during exploration. In contrast, rats trained to track odor trials elicit slower peak speeds and exhibit a platykurtic moment-to-moment speed profile. Next, organization of exploratory behavior was not observed to differ between control and olfactory bulbectomized rats [58] . Nevertheless, a recent study demonstrated that mice readily use any available cues, including airborne odor plumes, when navigating within a novel environment [59] . However, the present study was conducted within a closed chamber with little or no air movement, thus limiting the availability of airborne odors. Overall, rodents typically use a combination of self-movement and available environmental cues to organize exploratory behavior; however, olfactory cues are not necessary to guide performance, and are unlikely to have contributed to the present results.
Summary
Otoconia-deficient mice and their control littermates performed a novel open-field exploration task in dark and light conditions. In both conditions, both control and tilted mice made numerous progressions that were punctuated by stops, and established a home base to which they regularly returned. In darkness, tilted mice differed from control mice on several measures indicative of impaired direction estimation. In light, these differences were absent or attenuated, suggesting visual information was able to compensate for most of the navigational deficits associated with otolith dysfunction. This study adds to a growing body of literature describing a crucial role for the vestibular system in directional orientation, and provides the first empirical evidence that otolithic information contributes to the organization of exploratory behavior.
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